Marine renewable energy installations harnessing energy from wind, wave and tidal resources are likely to become a large part of the future energy mix worldwide. The potential to gather energy from waves has recently seen increasing interest, with pilot developments in several nations. Although technology to harness wave energy lags behind that of wind and tidal generation, it has the potential to contribute significantly to energy production. As wave energy technology matures and becomes more widespread, it is likely to result in further transformation of our coastal seas. Such changes are accompanied by uncertainty regarding their impacts on biodiversity. To date, impacts have not been assessed, as wave energy converters have yet to be fully developed. Therefore, there is a pressing need to build a framework of understanding regarding the potential impacts of these technologies, underpinned by methodologies that are transferable and scalable across sites to facilitate formal meta-analysis. We first review the potential positive and negative effects of wave energy generation, and then, with specific reference to our work at the Wave Hub (a wave energy test site in southwest England, UK), we set out the methodological approaches needed to assess possible effects of wave energy on biodiversity. We highlight the need for national and international research clusters to accelerate the implementation of wave energy, within a coherent understanding of potential effects-both positive and negative.
Introduction
The current reliance on fossil fuels for energy production directly impacts marine ecosystems via warming effects and acidification [1] , as a result of increasing levels of atmospheric CO 2 [2] . In the marine realm, these impacts have been documented across various species groups, from plankton [3] , to fish [4] , seabirds [5] and other large vertebrates [6, 7] . In order to mediate these impacts, there is a need to harness energy from renewable sources. The oceans hold a vast and largely untapped source of renewable energy in the form of wind, wave and tidal resources, and there has been a recent acceleration in the development and deployment of marine renewable energy installations (MREIs) to harness this potential.
Renewable energy from wind has rapidly increased in capacity [8] . Wind farms located onshore do, however, typically require conflict resolution with regard to aesthetics, environmental impacts and land use [9] . As a result of these conflicts, and accepting that wind resources are superior in offshore areas, the development of offshore wind farms has escalated [10] , with some of the world's largest developments proposed for the UK continental shelf. Alongside the development of commercial wind farms, the potential to capture energy from waves has seen increasing interest, with pilot developments in a number of nations [11] [12] [13] [14] . Technology for harnessing wave energy lags behind that of wind energy generation, but has the potential to contribute significantly to renewable energy production [15, 16] .
Coupled with the hopeful outlook for marine renewable energy generation, there have been concerns regarding the potential effects and subsequent impacts that these technologies may have on biodiversity and the physical environment [17] [18] [19] [20] [21] [22] [23] . Given that wave, tidal and deep-water offshore wind energy generation are still in their infancy, an opportunity exists to investigate the effects (both positive and negative) of pilot-scale projects so that the effects of future commercial-scale developments might be mitigated (if negative) or embraced (if positive) [20] .
Here, we highlight the potential effects of marine renewable installations for biodiversity, with particular emphasis on wave energy and wave energy converters (WECs), and share our methodological approaches in use at the Wave Hub (an offshore wave energy test site in southwest England (UK) in waters of about 58 m depth).
Potential effects of wave energy on biodiversity (a) Possible negative effects (i) Habitat loss/degradation
MREIs, such as wave farms, are unlikely to cause substantial widespread alteration to benthic habitats, particularly when considered in relation to other human activities, such as commercial trawl fisheries [24] . Inappropriate placement of MREIs in sensitive areas, such as fish spawning habitats or regions with high biodiversity, does however have the potential to negatively impact certain taxa [20] . Anchoring, used to maintain the position of WECs, may include the use of pile driving, gravity bases or drag anchors, each having different potential effects. The cumulative effects of multiple array-based wave farms is not fully understood. The addition of novel structures to marine habitats also represents the opportunity for colonization and, while there may seem obvious benefits for some species (e.g. crustaceans), new structures may provide substrates for colonization by invasive species or alter dynamics of existing populations.
(ii) Collision/entanglement/entrapment
The study of effects on marine biota in offshore environments, such as at MREIs, is particularly challenging and requires novel detection strategies [25] [26] [27] . Strike risk between WECs and mobile marine species is likely to differ with device type, and avoidance ability is likely to vary as a function of species and body size [28] [29] [30] , diel activity pattern [31, 32] or age and reproductive stage [33] . WECs are likely to have less above-water vertical structure than wind farms, hence reducing avian collision risk [34] . The impact of WECs on diving birds does, however, require further research, particularly with respect to the potential fish aggregating effects that WECs and their associated structures might have. This response may potentially serve to aggregate prey for diving birds and other species, with a concomitant chance of increased interactions between WECs and mobile species. Subsurface fixed structures such as wind turbine monopiles most probably pose little risk owing to their ease of navigation; however, WEC cables, chains and power lines will be more mobile and so potentially more complex to navigate [35] . Proposed WECs with rotating turbines or sea-water intake have the potential to seriously injure or kill some organisms [20] , although this may be more of a concern for tidal stream devices. Continued modelling efforts will, however, help us to further clarify issues regarding the potential effects and subsequent impacts of wave energy for marine birds [36] .
There is an increasing body of evidence suggesting that anthropogenic underwater noise and vibrations can have adverse effects on a range of marine taxa, including marine mammals, fish and benthic invertebrates [37] [38] [39] . For MREIs, disturbance is likely to be most severe during construction [40] ; for example, pile driving affects the behaviour of seals [41] and cetaceans [42] . Noise during the operational phase of wave farms is likely to have a less acute effect; however, research is required to determine the potential for chronic, long-term effects, which will depend on the frequency of noise, energy emitted and species' auditory ranges [38] . Current research on noise from wind farms during their operational phase suggests little evidence of impact (when compared with noise during the construction phase) beyond small-scale behavioural avoidance [43] . The impacts of wind farms on bird abundance have received much attention [44] , but the behavioural mechanisms and cues used by birds to detect and avoid wind farms remain under-studied, although it has been suggested that the noise from turbines is used to help minimize collisions [31] . Owing to this lack of current knowledge, and the very different operation of WECs compared with wind turbines, noise production and its scale of impact are key areas of interest required from future studies and should thus be a focus of research at the design phase.
(iv) Electromagnetic fields
Wave farms and their associated WECs are likely to support a higher relative concentration of cables than wind farms. These cables will produce electromagnetic fields (EMFs), which will be detectable by a range of marine organisms that can be either electro-or magneto-sensitive, such as bony fish, elasmobranchs, marine mammals and marine turtles [45] [46] [47] [48] [49] . Furthermore, WECs employing coil and magnet engineering could further emit larger EMFs than anticipated from subsea power cables alone. There is a paucity of current knowledge on the likely effects of anthropogenic EMFs at the population level, with a few studies providing limited insight from experimental systems [18, 45, 50] , and, as such, more focused research is required.
(v) Impacts on plankton
Plankton may be affected directly or indirectly during construction and operational phases of MREIs: sediment disturbance may generate phytoplankton blooms through release of extra nutrients, while local reductions in light attenuation due to increased turbidity, particularly during WEC installation, may decrease primary productivity of algae. Extraction of energy is expected to reduce surface water turbulence and may thus cause shifts in phytoplankton species composition from large diatoms to motile dinoflagellates, which may in turn affect zooplankton grazers. A combination of reduced turbulence and decreased grazing pressure may provide favourable conditions for the formation of harmful algal blooms, with implications for higher trophic levels, including fish species. Toxic antifouling chemicals may induce enhanced mortality or reduced fitness of planktonic species, whereas zooplankton may also be directly affected owing to enhanced mortality when passing through moving parts of machinery [51] . In addition, changes in behaviour and/or abundance of predators, such as fish larvae, seabirds and marine mammals, may affect mortality and fitness of their zooplankton prey.
(b) Possible positive effects (i) Habitat enhancement/artificial reefs
WECs have the potential to attract mobile organisms and to increase the area of habitat for sessile epibiotic species; hence, they have the potential to act as artificial reefs [52] . There is, however, a fundamental difference from artificial reefs in that habitat enhancement effects are secondary, rather than the sole, potential outcome of construction. The capacity of WECs to provide habitat for marine life could be increased through the addition of novel modifications to enhance the available habitat. In this regard, it may be possible to translate the outcomes of recent work examining habitat enhancement on other structures such as coastal defences [53] (appendix A). The extent to which these 'artificial reefs' attract marine life and the nature of the species attracted will largely be shaped by the location of the MREI and the design of its components [20] , with structural complexity of exposed surfaces being a key driver of the extent of colonization [54] . The latter will cause conflict if it interferes with equipment performance. A wider consideration is that MREIs may help to restore areas of seabed that have been lost through commercial fishing [55] .
(ii) Fish aggregation devices WECs will support extensive mooring systems, which along with the WECs themselves are likely to function as patch reefs, or as fish aggregating devices (FADs) [56, 57] . Many species of fish aggregate around floating objects, a phenomenon that fishermen have exploited for centuries [58] . Species richness and assemblage size are positively correlated with FAD size [59] ; as such, large WECs may be better at recruiting certain fish species. This effect may also have consequences for the attraction of larger predatory birds, fish and marine mammals that feed on the concentrated prey resources.
(iii) Marine protected areas
Owing to the potential for collision between vessels and WECs or fishing gear entanglement, it will not be possible to undertake many forms of commercial fishing within the immediate vicinity of WECs. As a result, wave farms have the potential to act as de facto marine protected areas (MPAs). Providing such a refuge from intense fishing pressure has the potential to protect and enhance fish stocks; the implementation of such MPAs will also enrich benthic biota, by locally eliminating the damage caused by fishing gear towed along the seabed [24] .
(c) Synergistic effects
There is the potential for MREIs to have a significant anthropogenic influence on marine ecosystems, and the positive and negative effects are likely to interact in complex and unpredictable ways. Effects may also be cumulative, both in time, and with the introduction of increasing numbers of MREIs; hence, it is critical that we consider the wider marine ecosystem. Trophic cascades have been shown to affect seabird populations by altering food supplies in complex ways [60, 61] . Furthermore, there may be unforeseen community-level changes in trophic interactions, although the magnitude of any effect will determine to what extent these might have consequences at the population level. It is also unclear how the ecosystem will respond to such perturbations, and further work at the farm scale and multiple farm scale, i.e. a few to 100 km 2 , is required to investigate how the main potential positive and negative effects might offset one another.
(d) Conflicts and solutions
While data on the potential effects of wind-powered energy generation in the marine realm are growing (although mostly for near-shore shallow-water deployments; less than 50 m depth), uncoordinated experimental designs make comparisons and meta-analysis problematic [62] , which most probably limits the inference of findings from wind to wave MREIs. Future developments in all marine energy sectors (wind, tidal and wave) need to incorporate welldesigned and replicated monitoring from the initial planning stages through to completion, targeted towards those factors with most uncertainty. Inadequately designed programmes may not detect effects with the potential for delivering misleading results, particularly if natural variability in biological systems is poorly quantified prior to construction. Baseline work should be followed by long-term monitoring of the site in order to look at both immediate and longer-term changes. In combination, this will enable robust examination of change at the individual site level, as well as providing the criteria for multidevelopment level comparisons. In order to inform the global industry, certain key sites should be chosen for major national, or international, investigation. If MREIs are engineered to enhance biodiversity, particularly in degraded habitats, then we must ensure that these enhancements are not lost during decommissioning [20] .
Whether designed to be relatively environmentally benign or to enhance biodiversity, it is critical that a broad range of stakeholders are involved at all stages from design, site selection, pre-construction monitoring/impact assessment, construction, operation and any decommissioning. Furthermore, research should be, as far as is commercially viable, transparent, with results published in scientific journals and peer-reviewed reports, to maintain credibility and promote accessibility to other researchers.
If research and development programmes are targeted at identifying and promoting environmental benefits, then marine renewable energy has the capacity to enhance biodiversity in degraded marine habitats, thus representing an excellent potential example of 'win-win ecology' [63] . Consideration should be given to leaving new habitat-forming infrastructure in situ, and building this factor into the consenting process.
(e) Assessing the potential effects of harnessing wave energy at Wave Hub
We now explore methodologies to examine the potential effects of harnessing wave energy on benthic species, fish, seabirds, marine mammals, fisheries and the water column, with specific reference to our work at the Wave Hub-a test facility for prototype arrays of WECs (figure 1). Wave Hub is situated 10 nautical miles (nmi) (18.5 km) offshore from Hayle on the north coast of Cornwall and comprises a 33 kV subsea power cable that runs from a land-based substation to the offshore WEC development site. At this development site, the cable terminates at the Wave Hub, an electrical junction box (approx. 58 m depth), from where four tails extend for future connection with WECs. The total development area for WECs (8 km 2 ) is within a dynamic seasonally forming frontal system, with annual average significant wave heights of 1.9 m and mean spring and neap peak current speeds (depth averaged) of 0.8 and 0.4 m s −1 , respectively [64] . The development site supports four bays (1 × 2 km) that can be leased to wave energy device developers for the deployment of WECs. The development area encompasses a range of seabed habitats, including gravelly sand, rock and rock with intermittent sediment cover (figure 2).
Methodological approaches (a) Benthos
It is important to recognize that many seabed habitats on continental shelves, the likely locations of MREIs, have undergone some form of modification due to human activities, e.g. fishing and/or aggregate extraction [65] [66] [67] . As such, methodological approaches to assess biodiversity must be able to tease apart changes brought about by MREIs superimposed upon those impacts of other human activities.
Traditional methods for sampling seabed biodiversity have included destructive grabs and trawls [68] , but these approaches are not suitable for sites where biodiversity is to be repeatedly measured through time. Remote sensing techniques may, however, offer a potential solution for monitoring deep and/or physically inaccessible regions. For example, digital video cameras have been used to capture data on larger, less abundant, mobile fauna such as fish and crustaceans [69, 70] , with still cameras being used to obtain high-quality images for species identification, e.g. for abundant sessile fauna such as sponges and corals. Still pictures obtained from frame grabs of traditional video are of limited quality, and, as such, smaller, more cryptic species may not be identified to species level, and larger, less common species may be missed entirely. Previous camera platforms have included sledges with runners, suitable for soft sediment and lowrelief habitats [71, 72] . In other industries (e.g. offshore oil and gas production), remote-operated vehicles (ROVs) are used in place of divers for many tasks, including biological surveys [73] . ROVs of the class required to operate in offshore habitats can be prohibitively expensive, require significant technical and boat support, and can typically cover only small areas.
Given the limitations of existing sampling approaches, a single high-definition (HD) towed video camera system has been developed to collect high-quality video data of seabed habitats. The HD video camera is mounted upon a towed aluminium frame with a mass of 30 kg in air when all equipment is installed (figure 2a); this array was purpose built for use at MREIs [74] . The frame is anchored to the seabed by a length of chain, such that it floats at a pre-determined height in the water column. The system represents a low-impact, cost-effective method of filming large areas of the seabed from medium-sized (10-15 m length) fishing vessels, at depth and over variable habitat types.
The effects of WECs at Wave Hub are being assessed using the towed HD video camera system in a 'beyond before-after control-impact' sampling approach [75] . The baseline sampling units comprise 20 × 200 m HD video transects conducted within the Wave Hub development zone and at sites to the east and west of Wave Hub (figure 2b). Data from each transect are geo-referenced to facilitate comparison. Randomly selected still images are extracted from the HD video data and can be used to quantify sessile and encrusting organisms by superimposing a quadrat over each image. Analysis of captured HD video data has enabled the identification of 115 species across the study area, including annelid worms, tunicates and cnidarians, molluscan and vertebrate species. The spatial pattern of sampling stations also facilitates a gradient style of analysis where impacts are assessed with respect to distance to WECs along a northeast-southwest axis (constant depth). This approach provides additional insights, given uncertainty regarding the spatial distribution of potential effects (which applies for many of the receptor groups addressed here-e.g. benthic species, fish, marine birds and marine mammals).
The towed array is appropriate for monitoring control and development sites pre-construction; however, following the deployment of WECs at MREIs, a towed array system will not be appropriate, as access among WECs and their associated matrix of moorings and cables may be impracticable. Video data capture will then be made possible using an ROV equipped with HD video camera technology. Formal comparison of HD video data obtained from the towed array and ROV will be undertaken using 200 m geo-referenced transects surveyed by both technologies. It is expected that an ROV will also be suitable for monitoring biodiversity associated with the man-made structures (see appendix A), which includes the seabed-mounted Wave Hub itself, WECs and the substantial subsurface rock and concrete mattress armouring used to protect the subsea power cable that runs to the mainland.
(b) Fish
The knowledge that fish exist/aggregate around or near solid structures deposited in the sea is long-held, and it has been demonstrated that increasing the size, complexity and biofouling of the objects supports greater numbers of increasingly large fish [76] (see appendix A). Although these observations are relevant to predicting the likely effects on fish of WECs, whether these structures merely attract free-swimming biomass from elsewhere or enable greater productivity remains difficult to assess [77, 78] .
(i) Monitoring fish movement
Passive acoustic tracking to assess long-term space use by individual fish has not yet been used with respect to movements around human-made underwater structures, such as MREIs. Several field studies are currently trialling this type of technology, including one off southwest England (figure 3). At the site, 2 m high seabed landers carry data-logging acoustic receivers. Data on detections of fish instrumented with acoustic transmitting tags are uploaded remotely every few months using an underwater acoustic modem aboard a ship positioned over each lander in the array. This type of monitoring allows insights into fish behaviour over the large spatio-temporal scales relevant to issues such as the nature and dynamics of any potential 'spillover' effect at MREIs. If sufficient numbers of fish are tagged with acoustic transmitters (hundreds), the departures, arrivals and occupancy times of individual fish, in numbers significant to those present in the region, can be determined. Studies using similar technology but in natural habitats on small shark species have shown behaviours that indicate long residence times in preferred areas [79, 80] . Preliminary results from landerborne acoustic receivers show residence times and visitation patterns for over 150 individuals of commercially important fish species for more than 18 months, and support the concept of site fidelity to preferred habitat among diverse species. These preliminary data indicate that areas around MREIs, if made de facto fishing-free zones, could potentially provide important long-term refuges to fish during important stages of the annual cycle. Identifying the spatial dynamics of mobile species whose spatial footprints intersect with MREIs will be essential in the assessment of whether such sites displace fish to other areas, or whether they act as refuges from activities such as fishing, and hence provide fish 'spillover' to adjacent areas. Wider-scale movements and activity patterns, outwith the footprint of passive acoustic monitoring, is possible by reconstructing the most probable tracks of demersal fish fitted with data storage tags when these are recovered.
To investigate the potential effects of WECs upon mobile species diversity and abundance, particularly for species that cannot be adequately instrumented with tracking technologies, it is necessary to use alternative approaches. Methods to undertake such censuses are varied (e.g. hydroacoustic assessment, baited traps, standardized trawls); however, all approaches have associated biases [81] . Given that many census techniques for mobile species are destructive, the act of measuring biodiversity using these methods holds the potential to impact future assessments. Baited HD video camera technology provides a possible alternative method with well-defined caveats [81] and has been used in the estimation of deepwater fish abundance [82] and adapted for use in shallow-water environments, typically in tropical ecosystems [69, 83] . The approach has been used more recently in near-shore shallow habitats of the North Sea [81] . At Wave Hub, small portable HD wide-angle video cameras housed within bespoke water-tight housings are used to capture video data of mobile species visiting bait positioned forward of the cameras. Cameras are deployed upon the seabed and in the midwater column within the development zone and at locations extending along a northeast-southwest axis transecting Wave Hub. This spatial layout of sampling units facilitates an assessment of mobile species diversity and abundance with increasing distance from the development site while maintaining a nearly constant seabed depth across the sampling space. Knowledge of the physical environment at sampling sites is particularly important, given the influence of temperature on species distribution both vertically and horizontally [84, 85] , and, as such, prior to camera deployment, vertical upcasts of temperature against depth are recorded at each sampling station using a 1 Hz conductivity-temperature-density (CTD) probe.
(c) Marine birds
The diversity of WEC technology likely to be deployed at MREIs complicates the selection of suitable monitoring approaches for seabirds. Survey programmes that deliver robust data must be consistent and repeatable in their application, through both time and space. Given this necessity, boat-based strip and line transects commonly used in impact assessment may be inappropriate if the exact positioning of WECs is unknown during the early stages of development or if WEC devices differ across a single MREI, such as at Wave Hub. Aerial surveying using HD video data capture methods [86] were discounted owing to their considerable cost, particularly given the need to collect data over several years both pre-and post-WEC installation. As such, a boat-based point count approach for assessing seabird diversity and abundance was adopted. Bird count sampling stations are positioned within and outside the Wave Hub site, with stations outside the development extending northeast-southwest. Sampling stations are visited on a near-monthly basis by two surveyors and counts are made over an approximately 4 h period. Birds are identified and sightings are categorized as being within or outside a 300 m radius of the sampling location. Abundance estimates of birds counted (by species, foraging guild, etc.) are then derived using standardized methods [87] . This approach, when complemented with count data following WEC installation, will facilitate an assessment of any change in species diversity, distribution and abundance. The pattern of sampling locations for marine birds also facilitates a gradient style analysis to be used, in which bird distribution and abundance can be investigated with respect to distance from the centre of the Wave Hub.
In addition to in situ counts of marine birds at development sites, the recent proliferation of miniaturized electronic technology (e.g. satellite transmitters, light-based geolocators and time-depth recorders) allows knowledge to be gained on the fine-scale movements and behaviour of marine birds, and other species, in their natural surroundings [88] . These devices offer the potential not only to study the degree of spatial overlap between marine birds and MREIs, but also to reveal behavioural responses (including diving) to such installations in detail and therefore assess the costs and benefits of these interactions [89] . One important objective is to link the degree of connectivity between breeding colonies and potential or extant MREI. This can be best achieved by satellite tracking or bio-logging technology. As such, bio-logging devices, using several tracking methodologies, have been deployed on species at regional colonies in the southwest of England, including the Isles of Scilly, and Grassholm island (Wales), which host regionally important colonies of northern gannets (Morus bassanus) and lesser black-backed gulls (Larus fuscus), species that have been frequently identified at [90] . Gannets do not breed until they are at least 4 years old and only visit the colony for short periods in the summer months, so they are not easily recaptured, making satellite transmitters the only realistic way to study them. The data reveal a high degree of itinerancy with potential for overlap with Wave Hub. (b) Movements of incubating and chickrearing adults gathered using GPS loggers, on a 3 min duty cycle [91] . Constrained to return to the nest, these birds move less than immature individuals. Some individuals overlap with Wave Hub. (c) Bivariate normal kernel smoothed distribution of a single bird during the inter-breeding period recorded using a leg-mounted global location sensing logger. Kernel grid interval = 10 km, smoothing (h) = 150 km, 50 and 75 per cent of all locations (areas circumscribed by dark and midgrey polygons, respectively). During the wintering period, gannets travel long distances away from the breeding grounds.
Wave Hub from near-monthly boat surveys. Results from these bio-logging efforts have provided considerable insight (figure 4) in terms of at-sea habitat utilization, with clear differences within individuals, age classes and different components of the annual cycle (figure 4).
(d) Marine mammals (i) Cetaceans
Surveying for cetaceans at sites of planned anthropogenic disturbance-e.g. construction of an MREI [92] -or for large spatial scale biological monitoring programmes-e.g. SCANS [93] and SCANS II [94] -has typically been dominated by visual detection methods allied with the use of distance sampling techniques [95] . In offshore environments, surveys using visual detection methods can be impracticable, as prevailing weather conditions in autumn, winter and spring affect species detectability. As an alternative to visual detection methods, there is growing interest in passive acoustic monitoring (PAM). PAM is the practice of detecting marine mammals, typically cetaceans, in a surveyed area by the distinctive sounds they make during communication, foraging and geolocation, such as echolocation clicks and whistles [92, 96] . The approach of statically moored PAM has significantly furthered understanding of small cetacean spatial ecology and behaviour in a variety of northeast Atlantic habitats [97] [98] [99] [100] .
C-Pods (Chelonia, UK) are commercially available PAM echolocation click detectors. After long-term deployment at multiple sites, C-Pods can provide a spatial picture of seasonal changes in levels of echolocation [98] , providing a coarse measure of relative abundance of cetaceans and highlighting regions of relative importance. Efforts to use static PAM at MREIs should be focused both at the proposed development site and at a regional scale to provide contextual information. As such, C-Pods have been deployed at Wave Hub, at coastal locations around the southwest UK peninsula and at deep-water control sites (more than 50 m depth). At several of these locations, C-Pods have also been deployed throughout the water column to ascertain vertical patterns of detection.
In addition to the use of C-Pods, at Wave Hub broadband sound recording equipment is being used to collect data on the presence of other marine mammal species that use sound at lower frequencies and hence outside the detection range of C-Pods. These broadband recording units sample sound using flexible duty cycling to investigate specific features of biological sound, but also anthropogenic noise and the ambient sound field over extended periods of time (months). The recording units are housed within custom-fabricated deployment frames, comounted with CTD sampling units, automated acoustic emergency relocation equipment and acoustically triggered pop-up buoy retrieval units. Knowledge on the ambient sound field will be important for assessing the impacts of anthropogenic noise on marine species, such as commercially important fish species [38] and marine mammals [18] .
(ii) Pinnipeds Anticipating and potentially mitigating the potential impacts of MREIs on pinniped species is challenging particularly with respect to offshore sites. For pinnipeds at natural haul-out locations (on land), it is possible to use visual census techniques and correlate changes in abundance or behaviour with activities at MREIs [101] . Monitoring at haul-out sites unfortunately cannot provide information on the likelihood of interaction between pinnipeds and offshore MREIs, unless individuals are followed using satellite tracking technologies [102] or perhaps through the use of sonar remote sensing in the vicinity of MREIs. Wave Hub is located within 12 nmi (20 km) of a regionally important grey seal (Halichoerus grypus) haul-out [103] . Grey seals are not sufficiently vocal when subsurface to make routine use of PAM a reliable and informative monitoring strategy and satellite telemetry studies are not fiscally feasible. To build a baseline understanding of seal abundance and distribution in the region prior to installation of WECs, boat-based annual counts of seals along the coastline of Cornwall, including the Isles of Scilly, have been undertaken since 2008 in partnership with local non-governmental organizations. These counts take place during early spring when the maximum number of individuals are thought to be using key haul-out sites, which include a number of offshore rock systems fringing the north coast of Cornwall [103] .
(e) Fisheries
Large-scale civil engineering projects, such as MREIs, necessitate a coherent spatial and temporal understanding of patterns of human activity, including recreational use, aggregate extraction, commercial vessel traffic and fisheries. Of considerable concern to the fishing industry is the potential for loss of access to important fishing grounds. In addition, from a biodiversity perspective, any resultant displacement of fishing effort needs to be considered, especially if there is transfer of effort from existing fished habitats that will have already undergone some degree of habitat modification to those that have been comparatively less disturbed. Detailed knowledge of the spatial footprint of UK fisheries will aid marine spatial planning activities and facilitate MREI site selection by allowing quantitative assessment of the potential costs and benefits to biodiversity and the fishing industry.
The movements of the larger fishing vessels in the UK fleet (more than 15 m length overall, LOA) are tracked by a mandated vessel monitoring system (VMS; figure 5 ) [66] . In the UK, satellite tracking data have been collected from 2000 onwards for vessels more than 24 m LOA and from 2005 for all vessels more than 15 m LOA. VMS-enabled fishing vessels transmit their position, instantaneous speed and heading approximately every 2 h. Using VMS data along with a generalized understanding of the speeds of movements for different at-sea behaviours-i.e. steaming versus fishing, linked to different fisheries and associated gear types [65, 104, 105] -it is possible to identify areas of prominent fisheries activity. Through time, these data can be used to build a detailed understanding of intra-and inter-seasonal patterns in fisheries [66] , and help to quantify the relative financial importance of regions and the level of disturbance that the habitats receive. Additionally, these data can also highlight regions that receive little effort and are therefore comparatively undisturbed.
While describing the 'footprint' of the larger vessel fleet is made somewhat easier by VMS, creating a spatio-temporal understanding of the coastal fleet is more challenging and requires novel approaches. Initial distribution mapping can be achieved by integrating UK Government statistics on fishing activity at the level of 'home port'; these data include number of vessels at each port and the number of days active in fishing, summarized by gear types and vessel size. These data can be integrated with generalized behavioural rules on movement, based on vessel length. The coastal fleet typically operates to 12 nmi from land; although much effort is focused on areas within 6 nmi, their transit distance from their home port along the coast can be somewhat greater, but has been shown to be somewhat related to vessel length [106] . Using a behavioural rule approach, it becomes possible to circumscribe a zone of influence from each home port for vessels less than 10 m LOA (rule: 10 nmi maximum distance from home port) and vessels more than 10 m and less than 15 m LOA (rule: 15 nmi maximum distance from home port). Coastal seas around the UK are then described by 1 km 2 pixels and each zone of influence and the number of boats and activity days registered to each port are mapped to the pixels coincident to each zone. When this process is repeated for all ports of the UK and for both boat length categories, then summed, it becomes possible to create an inferential picture of the fisheries footprint of the inshore fleet using mobile (e.g. trawling) and static (e.g. potting) gear types ( figure 6 ). This approach provides an initial indication of how MREI site placement might be informed by the potential footprints of coastal fisheries.
(f ) Water column
The extraction of energy from the marine environment constitutes a potentially significant modification to the dynamic physical and biological oceanographic environment. A key issue is that the energy to be extracted would otherwise be available for ocean mixing, which is essential for a range of processes related to biological productivity, gas uptake and regional circulation.
Assessing the sensitivity of the physical oceanographic environment at Wave Hub to energy extraction consists of three components: identifying the key processes governing the integrity of the dynamic physical environment, monitoring their temporal variability and improving predictive capability. The core component of the study is a series of field-based process studies to provide measurements of turbulent mixing and stratification during the spring bloom, peak summer stratification and its subsequent breakdown. Each process study represents a comparatively short time period, reducing our ability to make broadscale interpretations. To compensate for this, it is also necessary to monitor key physical oceanographic properties continually over an extended period. These data are provided by a high-frequency, land-based radar that enables the measurement of sea surface currents and spectral properties of the surface wave field coincident to Wave Hub and the wider development region (figure 7). Internal processes in the water column will be monitored for approximately six months with full-depth current and temperature measurements being gathered by a range of deployed equipment. By combining the radar and in situ measurements with remote sensing data on sea surface temperature and surface chlorophyll concentration, the extent to which the observed mixing and re-stratification processes govern the structure of the front over long time scales will be evaluated. Any perturbations to the natural system due to localized wave energy extraction may then be identified through comparison of our observations with numerical models developed for the region.
Data from these planned efforts will be contextualized with species occurrence and abundance data on plankton collected at the Wave Hub development site during the past 3 years (i.e. monthly vertical plankton trawls from the seabed to the surface accompanied by CTD upcasts undertaken at the Wave Hub and at control regions).
The earlier-mentioned methods involve direct measurements of species abundance or biodiversity of a small area. It is also possible to estimate pelagic biodiversity, through the use of Earth observation (EO) satellite remote sensing, by assuming that the ecosystem has a relatively simple structure, with energy flowing from phytoplankton primary producers, through zooplankton to pelagic schooling fish and finally to a variety of top predators, including fish, marine mammals and seabirds [107] . Estimates at the base of the food chain can then provide surrogate measures of the overall biodiversity of the pelagic ecosystem. EO indicators, such as sea surface temperature, the position and density of thermal fronts [108] ( figure 8 ) and ocean colour, may also contribute to an understanding of potential effects of wave energy, by estimating the likely abundance and distribution of key species known to inhabit the area. This process would require detailed studies of the relationship between tagged or surveyed animals and these EO environmental parameters. Similarly, studies of fishing effort or catches and EO data may help us to minimize the economic impacts of the MREI. During the construction of an MREI, it may be possible to exploit the near-real-time capability of EO data to minimize acoustic impacts of construction (for example) on marine mammals. For instance, the recent strength and movement of thermal fronts could advise a strategy for selecting the optimal times of operations. EO indicators may also be studied as part of a post-deployment impact assessment. While it is not yet known whether such techniques have sufficient sensitivity or resolution to detect changes in the shelfsea physics, biology or optics caused by a disturbance in turbulence or sediment concentration, against a background of high natural variability, ocean colour can be used to detect regime shifts in plankton from diatoms to dinoflagellates, or increased occurrence of algal blooms.
Conclusion
Large-scale wave energy developments have yet to commence and the potential effects on biodiversity are likely to be complex and multifaceted. As such, wave energy demonstrator sites require long-term, detailed, interdisciplinary work using methodological approaches that can be interfaced across multiple locations (countries and ecosystems), over multiple spatial scales and potentially across differing marine energy sectors (wave, wind and tidal) for issues with similar uncertainty. Knowledge from these efforts will ensure that, as commercial-scale wave farms are developed, work is performed within a framework of understanding regarding associated effects on biodiversity at local and regional levels. 
Appendix A. Habitat generation: MREIs as artificial reefs and aquaculture installations
Any hard structure immersed in the sea will become colonized by sessile marine life and may also attract mobile organisms such as fish and crustaceans. Hence, an area of particular interest is the potential for MREIs to increase the abundance of mobile species such as fish and crustaceans and provide habitat for sessile epibiota in a similar way to artificial reefs or to be used for aquaculture. Artificial reefs have been created for various purposes including recreational activities and as a means of aggregating and or enhancing fish stocks [110] , and to mitigate for lost habitat [111] , biodiversity and productivity [112, 113] . Recruitment and survival are strongly linked to the amount and quality of refuge present, and there is good evidence that artificial reefs can increase the diversity and abundance of species compared with surrounding areas [52, 113, 114] . In addition to their primary role in the generation of power, MREI pylons, anchors, cables and associated scour defence effectively form artificial reefs, and increased densities of bottom-dwelling fish have been reported around wind farms [56] .
A central issue for all artificial reefs is establishing whether the reefs have increased production or have merely resulted in the aggregation of previously dispersed individuals without creating stock enhancement per se [115] . Experiments in the intertidal zone have shown that small-scale modifications to the surface of marine engineering used in coastal defences, that is analogous to scour defence, can be used to increase local species diversity and to provide refuges for juvenile commercially exploited molluscs [53] (figure 9). Hence, there may be benefits from modifying the type/size and or configuration of scour defence used around MREIs in order to increase structural complexity and habitat/refuge availability [116, 117] . It may also be possible to tailor the type of habitat provided in order to provide opportunities for particular species. The outcomes of such habitat generation will be most effective in locations where the amount of similar natural habitat is an important factor that is otherwise limiting population growth. Further potential for stock enhancement will occur if arrays of structures exclude fishing activities, such as trawling [118] , and so, in effect, create marine protected areas, which have been shown to increase stocks of commercially exploited species with potential spillover effects to the surrounding area/fishery [119, 120] . The placement and configuration of arrays could also be considered in order to maximize the extent of biological connectivity between structures [20] .
Some promising directions are in generating suitable habitat for crabs (Cancer pagurus), lobsters (Homarus gammarus) and demersal fish [52, 117, 118] . In addition to direct provision of habitat, colonization of structures by invertebrates may also provide potential food resources for fish and crustaceans. In addition to generation of artificial reefs to promote wild stocks, mariculture of molluscs, including mussels, oysters and algae are feasible around and between MREI structures [22] . It may also be possible for caged culture of finfish, but this will be restricted by depth in shallow-water deployments such as wind farms [52] . More work is needed to establish the efficacy of MREIs as artificial reefs and for aquaculture. This will be best achieved through experiments to compare specific types of habitat generation and aquaculture, long-term monitoring of existing installations and predictive modelling approaches to scale outcomes up to that of an array or group of arrays within a region.
While MREIs will undoubtedly generate some new habitat, they will also remove the habitats that were present originally. In many cases, soft sedimentary habitat and associated infaunal assemblages will be replaced by epibiota on hard surfaces. The presence of epibiota and the aggregation of fish and crustaceans are also likely to influence the neighbouring soft bottom assemblage that remains, for example, as a consequence of increased organic inputs from filter feeders or predation by fish [21, 117] .
It does, however, remain unclear whether the colonization of MREIs represents a positive or negative effect. Addition of novel structure to habitats may also provide substrate for invasive species and, as such, more detailed research is required at MREIs to elucidate the species and magnitude of colonization so that ecological effects and impacts may be considered. There will be both winners and losers in terms of habitats and species, and it will be important to consider the net effect of MREIs on a site-by-site basis in order to make an appropriate assessment of the ecological consequences of such developments.
